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Columbus Laboratorics

February 11, 1985 505 King Avenue

Columbus, Ohio 43201-2691
Telephone (613) 324-6424
Telex 24-5454

Capt. Kevin Malloy

AFOSR/NE

Directorate of Electronics
And Materials Science

Building 410

Bolling AFB, DC 20332

Dear Kevin:

Re: DARPA Contract No. F49620-82-C-0077

1 am pleased to submit for your consideration the enclosed three (3)
copies of the Final Report for the subject contract, entitled "Three-
Dimensional Photochemical Machining With Lasers". I apologize for the
delay in getting this report to you, and hope that you have not been in-
convenienced as a result. The report describes our work during the past
two years in some detail, and I trust that it will be satisfactory to you.

Our research efforts have been directed primarily toward the development
of novel photoinitiator systems that will trigger the desired polymeriza-
tion reactions only when irradiated with two laser beams of different
colors, not by efther beam alone. This work has led to the synthesis of
several promising new compounds, and has succeeded in identifying a number
of new polymer/initiator combinations which exhibit the desired behavior
to some degree. Several of these compositions may have promise as high-
resolution photoresists, as well. A new concept for a rapidly focusing
optical system, to help move the focal point of the laser beams within the
photosensitive material, has also been developed during this project.

Much work remains to be done, despite these successes, before a truly
viable prototype system can be built. In particular, problems still re-
main with the photosensitive polymers studied to date, in that some re-
sidual "single-beam" polymerization still tends to occur along one or the
other beam path, with a corresponding loss of resolution at the focal
point. We feel that this difficulty can be overcome with further im-
provements in the photoinitiator molecules, on the basis of the known
spectroscopy of the best photosensitizers we have found, but this will
require some effort. Further development also needs to be done on the
optical system to focus and direct the laser beams, and on a computer in-
terface to control the whole photochemical machining system. It is my
hope that research on these tasks can be carried out with funding from the
private sector in the near future,




Capt. Malloy
AFOSR/NE 2 February 11, 1985

As you know, we have had a number of requests for detailed information

about our work on this program from companies, both in the United States
and abroad, which are considering possible participation in the future s
development of this field. May we have your permission to distribute Ll

copies of this report to those who have requested it? 1 would appreciate e
your guidance on this, as it is my understanding that the report cannot be -
distributed to the public (and to foreign companies, in particular) with- B e
out your approval.
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I anticipate that I will be in Washington next Wednesday, February 20th, it
and would be pleased to stop in at your convenience to review the report T =3
with you on an informal basis if you wish. Also, please feel free to call o=t ol
me at (614) 424-5637 should you have any questions about our work. It has i;i;;J
been a pleasure to work with you, Harry Winsor, and Steve Wax on this ‘
project for the past two years, and I hope we will have the opportunity to g L
assist you with your research needs again in the future. S ey

Best regards, =

Robert E. Schwerzel, Ph.D. .

Senior Research Scientist
Organic and Polymer Chemistry

RES:1n1 §
Encl. 5
cc: Director, Advanced Research Projects Agency (2 copies) | ﬁ;ﬁi

ATTN: Maj. Steven Wax, Program Manager # o
Materials Sciences Division I

1400 Wilson Blvd. -8
Arlington, VA 22209 L

Mr. Frank M. Clark (2 copies)
Contracting Officer

AFOSR

Building 410 oo
Bolling AFB, OC 20332 S
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ABSTRACT

The fabrication of objects having complex, three-dimensional
shapes frequently requires a substantial expenditure of time, labor, and
capital. This is particularly true of manufacturing techniques such as
investment casting, where a wax or plastic replica of the finished object
must be made before an actual metal casting can be produced. Because this
process necessarily employs much skilled hand labor, many weeks or months
may be required to proceed from design specifications to a prototype
casting. Clearly, much cost and effort could be saved if it were possible
to fabricate a complex plastic pattern directly from design data without
the intermediacy of a hand-made metal mold or die.

The research program described in this report has been designed
to evaluate a novel technology which has the potential to revolutionize
the casting industry. The key to this new technology, which may be re-
ferred to as "Photochemical Machining", or PCM, is the computer-assisted
fabrication of a plastic pattern directly from design specifications, by
the selective, three-dimensional modification of a plastic material which
is exposed simultaneously to two different laser beams which are focused
onto a single point within the volume of the material.

If the chemical composition of a plastic material were designed
properly, the solubility and hardness of the plastic could, in principle,
be altered selectively at the point of intersection of the two beams
without being affected by either beam alone. Given such a material, a
three-dimensional object of any desired complexity could be fabricated
directly by appropriate movements of the two laser beams (and thus of the
intersection point) throughout the volume of the material. The softer,
more soluble portions of the plastic could then be removed selectively,
leaving a hard, rigid plastic piece having the desired shape. )

Ideally, this piece would be suitable for immediate use for in-
vestment casting, electroplating, and so on, with minimal finishing being
required. In this way, for example, prototype designs could easily be
subjected to "real-world" test conditions and then modified easily and
inexpensively by repeating the PCM process described above as often as
needed to fully optimize the design. This could result in dramatic sav-
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ings of time, labor, and cost. In addition, the complete three-
dimensional flexibility provided by the PCM concept could lead to the
casting of complex shapes which are at present difficult to fabricate,
and make possible the production of precise castings which require minimal
subsequent machining or finishing.

The research conducted on this project during the past two years
has been successful in confirming the technical feasibility of the PCM
concept, in developing a theoretical framework for relating optical and
materials properties to the performance of a PCM system, and in designing
and synthesizing several novel photosensitive compounds whose spectro-
scopic properties make them attractive candidates for use in a PCM system.
These compounds are capable of inftiating selective and/or enhanced
polymerization when they are irradiated with laser beams of two different
wavelengths. .

The most promising systems studied to date appear to be those
based on porphyrin sensitizers, benzoin ether or ketone/amine phofoiniti-
ators, and crosslinking acrylic polymers. Some of these materfals may
have promise as high-contrast photoresists, as well. A preliminary design

for a rapid-focus optical system for PCM has also been developed during the

project.

A considerable amount of further research is required to fully
develop a working PCM system, however. Problems still remain with
single-beam polymerization in several of the more promising polymer sys-
tems, resulting from two-photon events occurring in a single laser beam
because of overlap in the absorption spectra of the ground-state photo-
sensitizer and the intermediate species. Much work also remains to be
done in developing suitable optics and computer interfacing for controll-
ing the motion of the intersection point within the polymer material.
Despite this, however, the process appears to be feasible, and there
appear to be no fundamental barriers to developing an operational PCM
system.
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INTRODUCTION

The production of castings having complex, three-dimensional
shapes is so commonplace in today's technology that the enormous amount of
painstaking manual effort involved is easily overlooked. Skilled artisans
must labor for days or months to transform a set of blueprints and speci-

fications into a “real" object, or to create the dies used to fabricate
stamped or molded objects. Similarly, the duplication of an existing
object may require the production of a mold from which a replica can be
cast, or the fabrication of a replica by hand. While the gradual intro- -8
duction of computer-assisted design and manufacturing techniques has in- %;E
creased the speed and flexibility of certain processes, a great deal of fff
manual, artistic skill is still required. Furthermore, many o€ the :l;j
potential advantages of computer-assisted design and manufacturing are {fé;
lost because of the intrinsic limitations of the conventional manufactur- e
ing techniques to which the computer is applied. :;ia
=
S
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Conventfional manufacturing technology requires not only the use
of multiple tools--lathes for the generation of cylindrical ribbed or
round forms, drills for holes, mil1ing machines for flat surfaces, and so
on, but it requires also the application of great force for the removal or
displacement of the material being worked. And it combines this need for
force with the need for precision.

Even where advanced numerical control (NC) techniques are used,
great ifnefficiency occurs in the course of proceeding from original design
concepts through blueprinting or other design documentation, to model-
making and the preparation of NC control tapes or programs specifying the
semfautomatic sequence of operations on separate lathes, milling machines,
drills, and the like which are required to fabricate a finished piece.

Clearly, much time, effort, and expense could be saved if the
capabilities of the computer could be used to assist in the production of
three-dimensional phototypes directly in the design and fabrication
stages. The same techniques could permit the replication of objects in
nearly any desired size, given a computer-compatible description of the
original. For instance, such diverse objects as automotive or aircraft
parts, models for wind-tunnel tests, intricate three-dimensional models
for architecture or structural engineering design studies, or prototype
artificial prosthetic devices could all be described by the appropriate
computer-compatible notation, and the design features optimized as much as
possible by computer calculations. If the computer could then control
directly the production of a prototype object, utilizing the optimized
design parameters, the design could be evaluated immediately by examina-
tion or by experimental means. Given the appropriate computerized de-
scription, entire complex clusters, made of disposable pattern material
and ready for casting, could be automatically generated, tested, and then
remade by simple changes in the computer program for the correction of
gates and sprue routing, proportion, size, quantity, and the like.

In such a system, there would be direct and efficient interac-
tion between the design engineer and the actual manipulable object gen-
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. erated. The effect would be as though the design and manufacturing system gé ,;
EZ operated as a perfectly flexible machine tool, capable of creating an e
i’ infinite choice of complex shapes -- carburetor housings, gears, turbine o
tb blades, anthropomorphic forms, reentrant-shaped surfaces or holes, and so ;:;;3
e on. -
R It is the purpose of this report to describe the results of fi
& Battelle's efforts to date in evaluating and developing a novel concept ‘1552
e which could form the basis for truly implementing the futuristic technol- e

ogy envisioned above. The key to this new concept, which may be referred ?s::ﬁ

o)

R

to as "Photochemical Machining", or PCM, is the computer-assisted fabri-
cation of a plastic pattern directly from design specifications by the ;iaif
selective, three-dimensional modification of a plastic material which is i
exposed simultaneously to two laser beams focused onto a single point '
within the volume of the material. If the chemical composition of the
plastic is designed properly, the solubility and hardness of the plastic
can, in principle, be altered selectively at the point of intersection of
the two beams without being affected by either beam alone.

Given such a material, a three-dimensional object of any desired
complexity could be fabricated directly by appropriate movements of the
two laser beams (and thus of the intersection point) within the volume of
;g the material. The softer, more soluble portions of the plastic could then
be removed selectively by a variety of means, leaving a hard, rigid plas-
o tic piece having the desired shape. This piece could then be used di-
rectly for investment casting, electroforming, or other end-use applica-
tions, as desired.

While the PCM concept as summarized above seems in some respects
to be particularly well suited to investment casting by "lost wax" tech-
niques, in Battelle's view this new technology could provide major bene-
fits to all facets of the casting industry and could, if fully developed
and exploited, bring about a major change in the way manufacturing tech-
nology is perceived and practiced today.
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Description of the Photochemical Machining Concept

The essential features of a conceptual PCM system for the
computer-assisted photochemical fabrication of three-dimensional precision
patterns are depicted in Figure 1. As mentioned above, the pattern is
formed from a polymer which can either be photochemically crosslinked

...............
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Laser Laser-induced
] Control Photochemical
Minicomputer Sanm System

FIGURE 1. SCHEMATIC ILLUSTRATION OF A COMPUTER-ASSISTED
PHOTOCHEMICAL MACHINING (PCM) SYSTEM

(made hard and insoluble) or degraded (made soft and easily dissolved or
vaporized), depending on its chemical composition, by simultaneous expo-
sure to the intersecting laser beams. In effect, the point of intersec-
tion of the laser beams serves as an infinitely flexible machine tool;
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because the formation of the plastic pattern is achieved by means of
photochemical reactions which occur only at the intersection point, the
speed and efficiency of the process are affected only slightly by the
complexity of the shape being produced.

In this conceptual PCM system, the minicomputer accepts input
describing the size and shape of the object to be made, either from an
interactive graphic terminal (which allows the operation the flexibility
of drawing and modifying the design before a solid object is made) or from
previously recorded data obtained elsewhere. It then generates the set of
coordinates which will control the actual pattern-forming process. Such
computerized input and data processing systems have been dramatically
improved during the past several years and many machines of this type are
now available commercially. Thus, the essential computer techniques
already exist, for the most part, and relatively little effort should be
required to modify them for use with the proposed PCM system.

Possible Modes of Operation

Depending on the properties of the polymer system and the re-
quirements of the object to be formed, the PCM system can, in principle,
be designed to operate in either of two modes:

o "Synthetic" Mode - In this mode, a rigid, crosslinked,
insoluble polymer is formed by the photochemical crosslinking
of a soluble, 1ow molecular weight polymer precursor. The
finished pattern is then "freed" by dissolving or vaporizing
the uncrosslinked precursor.

® "Sculpting”" Mode - In this mode, which is the converse of the
synthetic mode, the precursor is a rigid, crosslinked poly-
mer. The unwanted polymer is degraded at the reaction point,
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leaving the desired object unchanged; the degraded polymer
may then be dissolved or vaporized, as above.

In both cases, the photochemical reactions which result in the formation
of the object must occur only at the reaction point, and not in efther
beam alone. To achieve this, the chemical composition of the plastic must
be designed in such a way that two photons (particles of 1ight) are re-
quired to initiate the key photochemical reactions. A number of photo-
chemical materials are amenable to this two-photon approach, and the
choice of the reactions actually used will depend heavily on the proper-
ties desired in the final pattern. In general, however, the photochemical
reactions will rely on the sequential absorption of two photons by the
plastic material. The first photon will produce a reactive intermediate
chemical species, and the second will cause an irreversible photochemical
reaction of that intermediate. As the reactive intermediate will in gen-
eral have absorption properties quite different from those of the precur-
sor, there will be 1ittle chance of having the reaction occur in the
presence of either beam alone. Thus, one laser beam will be of a color
absorbed strongly by the original material, while the second beam will be
of a color which is absorbed strongly by the reactive intermediate. As
mentioned above, it is anticipated that the uncrosslinked portions of the
plastic material will be removed either by dissolving them with an appro-
priate solvent or by vaporizing the material, leaving behind the hard, RS
rigid plastic pattern. Note that the entire volume of the pattern need =

not be fully polymerized; it may be sufficient to simply harden a shell f; ?ii
with a few internal supports in key locations. & :;i
While many of the components required for PCM have been devel- %3;i22

oped to a significant extent, the commercial feasibility of developing an Cr e
operational PCM system has not yet been demonstrated. It remains to fully is E;E
evaluate the chemical and optical constraints on the operation of a PCM i :Eﬂ
system, to develop and optimize the various system components which will §2 :if
be required, and to construct and evaluate a fully operational device = E_:
oy
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which will be suitable for the fabrication of patterns for precision
casting applications. Our research effort in this program has been
directed toward these goals.

Anticipated Benefits of a PCM System

We envision that a PCM system, once developed, would offer its
users significant benefits in speed, convenience, precision, and cost as
compared to conventional techniques. The novel capabilities which a PCM
system would offer include the following:

e Rapid Computer-Assisted Fabrication. The fabrication of the
plastic pattern would be accomplished under computer control,
using coordinates generated by the computer from the opti-
mized design information. This would eliminate much of the
costly, time-consuming hand labor which is now required for
the fabrication of patterns, and could reduce the time re-
quired to produce a prototype casting from several months to
several days or less.

o Design Optimization. Through the use of interactive input,
the user could, if desired, design optimized shapes for a
variety of cast metal or plastic objects, using the computer
and the PCM system to fabricate prototype castings which
could then be evaluated under actual test conditions. This
process would avoid much of the time-consuming manual trial-
and-error process currently involved in the design and fabri-
cation of prototype cast parts, particularly for those parts
which can be made by investment casting techniques. The -
application of the PCM concept to investment casting seems o=

particularly attractive in this context, as in principle <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>